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[57] ABSTRACT 

An improvement in a method of preparing plasmid-liposome 
complexes for in vivo transfection is described. The 
improvement includes selecting a condensing agent to con 
dense the plasmid prior to contact With the liposomes, 
selecting a Working medium and selecting a ratio of lipo 
some lipid to plasmid. Also disclosed are DNA plasmid 
liposome complexes formed by the method. 

8 Claims, 11 Drawing Sheets 
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CONDENSED PLASMID-LIPOSOME 
COMPLEX FOR TRANSFECTION 

The present invention is a continuation-in-part applica 
tion of US. patent application for patent, Ser. No. 08/657, 
795, for “Plasmid-Lipid Complex For Transfection”, ?led 
May 31, 1996, noW abandoned. 

FIELD OF THE INVENTION 

The present invention relates to an improvement in a 
method for preparing plasmid-liposome complexes for in 
vivo transfection of a gene. 
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1131:311—313 (1992). 
Wagner, E., et al., Proc. Natl. Acad. Sci. USA 

88:4255—4259 (1991). 

BACKGROUND OF THE INVENTION 

Avariety of methods have been developed to facilitate the 
transfer of genetic material into speci?c cells, e.g., gene 
therapy. These methods are useful for both in vivo or ex vivo 
gene transfer. In the former, a gene is directly introduced 
(intravenously, intraperitoneally, aerosol, etc.) into a subject. 
In ex vivo (or in vitro) gene transfer, the gene is introduced 
into cells after removal of the cells from speci?c tissue of an 
individual. The transfected cells are then introduced back 
into the subject. 

Delivery systems for achieving in vivo and ex vivo gene 
therapy include viral vectors, such as a retroviral vector or 
adenovirus vectors, microinjection, electroporation, proto 
plast fusion, calcium phosphate, and liposomes (Felgner, et 
al., 1987; Mulligan, 1993; Morishita, et al., 1993). 

Liposomal mediated gene therapy has, for example, 
involved the use of cationic liposomes formed from 
LIPOFECTINTM, a reagent consisting of a cationic lipid and 
a neutral lipid (Felgner, et al., 1989, 1993). Other liposomal 
mediated methods of gene therapy have been described 
(Trubetskoy, et al., 1992; Morishita, et al., 1993; Rose, 
1994), Where electrostatic complexes of cationic liposomes 
and DNA are formed. More recent approaches to liposome 
based transfection compositions have included a polycation, 
such as protamine or polylysine, to bind the DNA to the lipid 
particles (Wagner, et al., 1991) or to condense the DNA (Gao 
and Huang, 1996; Li and Huang, 1996). 

HoWever, the liposomal-mediated gene therapy methods 
and compositions described to date have recogniZed 
limitations, including, for example, the toxicity of 
LIPOFECTIN, the large siZe of the DNA-liposome 
complexes, and rather poor in vivo transfection ef?ciencies. 
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2 
It Would be desirable, therefore, to produce a DNA 

plasmid-liposome complex Which is relatively non-toxic, is 
siZed for intravenous administration, and has a high trans 
fection ef?ciency. 

SUMMARY OF THE INVENTION 

The invention includes, in one aspect, an improvement in 
a method of preparing a plasmid-liposome complex by 
condensing plasmid molecules and mixing the condensed 
plasmids With a suspension of cationic liposomes to form a 
plasmid-lipid complex for use in transfecting a host cell. The 
improvement includes selecting as a condensing agent for 
condensing the plasmid molecules, a polycation selected 
from the group consisting of histones, poly-1-glutamine, 
melittin or polymyxin B, (ii) selecting as a medium for 
suspending the condensed plasmid molecules, a loW-ionic 
strength aqueous medium, and (iii) selecting a ratio of 
liposome lipid to plasmid of greater than 10 nmole liposome 
lipid/pg plasmid and less than 15 nmole liposome lipid/pg 
plasmid. The plasmid-liposome complexes produced by the 
improvement are characteriZed by substantially homoge 
neous siZes in the range of 120—180 nm and (ii) a transfec 
tion stability of at least 30 days, as evidenced by a stable in 
vivo transfection ef?ciency of the complex after storage for 
30 days at 4° C. 

In one embodiment of the method, the condensing agent 
is selected from the group consisting of total histone, histone 
1 and histone 4. In a preferred embodiment, the condensing 
agent is total histone. 

In another embodiment, the liposome lipid to plasmid 
ratio is betWeen 12—14 nmole liposome lipid/pg plasmid. 
The loW-ionic strength aqueous medium is prepared, in 

another embodiment, from a non-ionic osmotic solute, such 
as, glucose, sucrose or dextran. 

The cationic liposomes for use in the complex can be 
prepared from cholesterol and the vesicle-forming lipid 
dimethyldioctadecylammonium (DDAB). In one 
embodiment, the cationic liposomes have a surface coating 
of polyethylene glycol by including a vesicle-forming lipid 
derivatiZed With polyethylene glycol. 
The plasmid-liposome complex prepared according to the 

method of the invention, in one embodiment, is for use in 
transfecting a host cell With a gene contained in a DNA 
plasmid, Where the DNA plasmid contains a gene selected 
from the group consisting of genes encoding for Factor VIII, 
interleukin-2 or p53. 

In a preferred embodiment, the plasmid-liposome com 
plex is for use in transfecting a host cell in the lung of a 
subject With a DNA plasmid containing cystic ?brosis 
transmembrane conductance regulator or, for lung 
carcinomas, cytokines, such as interleukin-2, or tumor sup 
pressor genes, such as p53. 

These and other objects and features of the invention Will 
become more fully apparent When the folloWing detailed 
description of the invention is read in conjunction With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a computer-generated image of an electron 
micrograph of a plasmid condensed With the polycationic 
polymer total histone; 

FIG. 2 is a computer-generated image of an electron 
micrograph of a polycation-condensed plasmid complexed 
With cationic liposomes in accordance With the invention; 

FIGS. 3A—3B are computer-generated images of cryo 
genic (FIG. 3A) and freeZe fracture (FIG. 3B) transmission 
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electron micrographs of a polycation-condensed plasmid 
complexed With cationic liposomes in accordance With the 
invention; 

FIG. 4 is a plot showing the siZe, in nm as measured by 
dynamic light scattering, of plasmid-liposome complexes 
prepared in accordance With the invention; 

FIG. 5 is a plot of particle diameter, in nm as measured by 
dynamic light scattering, as a function of storage time at 4° 
C., for plasmid-liposome complexes of the invention; 

FIG. 6 is a plot of percent of injected dose as a function 
of time after intravenous injection in mice of labelled 
plasmid-liposome complexes of the invention; 

FIGS. 7A—7E shoW luciferase expression, in relative light 
units (RLU)/ 10 seconds/mg protein, in the lung (FIG. 7A), 
liver (FIG. 7B), heart (FIG. 7C), spleen (FIG. 7D) and 
kidney (FIG. 7E) for plasmid-liposome complexes prepared 
With total histone; 

FIGS. 8A—8E shoW luciferase expression, in relative light 
units (RLU)/ 10 seconds/mg protein, in the lung (FIG. 8A), 
liver (FIG. 8B), heart (FIG. 8C), spleen (FIG. 8D) and 
kidney (FIG. SE) for plasmid-liposome complexes prepared 
With histone H1; 

FIGS. 9A—9E shoW luciferase expression, in relative light 
units (RLU)/ 10 seconds/mg protein, in the lung (FIG. 9A), 
liver (FIG. 9B), heart (FIG. 9C), spleen (FIG. 9D) and 
kidney (FIG. 9E) for plasmid-liposome complexes prepared 
With histone H4; 

FIGS. 10A—10E shoW luciferase expression, in pg 
luciferase/mg protein, in the lung (FIG. 10A), liver (FIG. 
10B), heart (FIG. 10C), spleen (FIG. 10D) and kidney (FIG. 
10E) for plasmid-liposome complexes prepared With poly 
l-glutamine, melittin or polymyxin B as the cationic con 
densing agent; 

FIGS. 11A—11B shoW luciferase expression in the lung 
(FIG. 11A) and the liver (FIG. 11B) as a function of time in 
days for plasmid-liposome complexes stored at 4° C.; 

FIG. 12 shoWs luciferase in various tissues, in pg/mg 
protein, at 24 hours after intravenous administration in mice 
of plasmid-liposome complexes, as a function of micro 
grams of luciferase-carrying plasmid administered; and 

FIG. 13 shoWs luciferase activity, in RLU/mg protein, in 
various tissues 24 hours after intravenous administration of 
plasmid-liposome complexes. 

DETAILED DESCRIPTION OF THE 
INVENTION 

I. Plasmid-Liposome Complex 

The present invention is directed to an improvement in a 
method of preparing a plasmid-liposome complex for use in 
vivo transfection of a host cell. The method generally 
includes condensing plasmid molecules by suspending the 
plasmids in a medium containing a condensing agent. The 
condensed plasmid molecules are mixed With lipid particles, 
such as liposomes, to form plasmid-liposome complexes. 
The improvement in the general method, as Will be 
described, relates to selection of the condensing agent, 
selection of the suspension medium and selection of the 
liposome lipid to plasmid ratio. Before describing the 
improved preparation procedure in detail, the plasmid 
liposome complex and its components Will be described. 

A. Cationic Liposome Components and Preparation 

As described above, the plasmid-liposome complex 
includes condensed plasmid molecules and liposomes. 
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Liposomes, as used herein, refer to lipid vesicles having an 
outer lipid shell, typically formed on one or more lipid 
bilayers, encapsulating an aqueous interior. 

In a preferred embodiment, the liposomes are cationic 
liposomes composed of betWeen about 20—80 mole percent 
of a cationic vesicle-forming lipid, With the remainder 
neutral vesicle-forming lipids. As de?ned herein, “vesicle 
forming lipid” is intended to include any amphipathic lipid 
having hydrophobic and polar head group moieties, and 
Which (a) by itself can form spontaneously into bilayer 
vesicles in Water, as exempli?ed by phospholipids, or (b) is 
stably incorporated into lipid bilayers in combination With 
phospholipids, With its hydrophobic moiety in contact With 
the interior, hydrophobic region of the bilayer membrane, 
and its polar head group moiety oriented toWard the exterior, 
polar surface of the membrane. A major type of vesicle 
forming lipid is a diacyl-chain lipid, such as a phospholipid, 
Whose acyl chains are typically betWeen about 14—22 carbon 
atoms in length, and have varying degrees of unsaturation. 
Another example is cholesterol and cholesterol derivatives, 
such as cholesterol. 

A cationic vesicle-forming lipid is one Whose polar head 
group With a net positive charge, at the operational pH, e.g., 
pH 4—9. Typical example include phospholipids, such as 
phosphatidylethanolamine, Whose polar head groups are 
derivatiZed With a positive moiety, e. g., lysine, as illustrated, 
for example, for the lipid DOPE derivatiZed With L-lysine 
(LYS-DOPE) (Guo, et al., 1993). Also included in this class 
are the glycolipids, such as cerebrosides and gangliosides 
having a cationic polar head-group. 

Another cationic vesicle-forming lipid Which may be 
employed is cholesterol amine and related cationic sterols. 
Exemplary cationic lipids include 1,2-diolelyloxy-3 
(trimethylamino) propane (DOTAP); N-[1-(2,3, 
ditetradecyloxy)propyl]-N,N-dimethyl-N 
hydroxyethylammonium bromide (DMRIE); N-[1-(2,3, 
dioleyloxy)propyl]-N,N-dimethyl-N-hydroxy 
ethylammonium bromide (DORIE); N-[1-(2,3-dioleyloxy) 
propyl]-N,N,N-trimethylammonium chloride (DOTMA); 
3[3[N-(N‘,N‘-dimethylaminoethane) carbamoly] cholesterol 
(DC-Chol); and dimethyldioctadecylammonium (DDAB). 
The remainder of the liposomes are formed of neutral 

vesicle-forming lipids, meaning vesicle forming lipids 
Which have no net charge or Which may include a small 
percentage of lipids having a negative charge in the polar 
head group. Included in this class of lipids are the 
phospholipids, such as phosphatidylcholine (PC), phosphati 
dyl ethanolamine (PE), phosphatidylinositol (PI), and sph 
ingomyelin (SM), and cholesterol and other uncharged ste 
rols. 
The above-described lipids can be obtained commercially, 

or prepared according to published methods. Other lipids 
that can be included in the invention are glycolipids, such as 
cerebrosides and gangliosides. 
The liposomes may be provide With a surface coating of 

hydrophilic polymer chains, effective to extend the blood 
circulation time of the plasmid/liposome complexes. Suit 
able hydrophilic polymers include polyethylene glycol 
(PEG), polylactic acid, polyglycolic acid, polyvinyl 
pyrrolidone, polymethyloxaZoline, polyethyloxaZoline, 
polyhydroxypropyl methacrylamide, polymethacrylamide, 
polydimethylacrylamide, and derivatiZed celluloses, such as 
hydroxymethylcellulose or hydroxyethyl-cellulose. A pre 
ferred hydrophilic polymer chain is polyethyleneglycol 
(PEG), preferably as a PEG chain having a molecular Weight 
betWeen 500—10,000 daltons, more preferably betWeen 
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1,000—5,000 daltons. The hydrophilic polymer may have 
solubility in Water and in a non-aqueous solvent, such as 
chloroform. 

The coating is preferably prepared by including in the 
vesicle-forming lipids forming the liposomes, betWeen 1—20 
mole percent of a vesicle-forming lipid, preferably a phos 
pholipid or other diacyl-chain lipid, derivatiZed at its head 
group With the polymer chain. Exemplary methods of pre 
paring such lipids, and forming polymer coated liposomes 
thereWith, have been described in co-oWned US. Pat. Nos. 
5,013,556, and 5,395,619, Which are incorporated herein by 
reference. The polymer may be stably coupled to the lipid, 
or coupled through an unstable linkage Which alloWs the 
coated particles to shed their coating as they circulate in the 
bloodstream. 

The plasmid-liposome complexes may also contain an 
af?nity moiety effective to bind speci?cally to target cells at 
Which the therapy is aimed. Such moieties can be attached 
to the surface of the liposome or to the distal ends of 
hydrophilic polymer chains. Exemplary moieties include 
antibodies, ligands for speci?c binding to target cell surface 
receptors and the like, as described, for example, in 
co-oWned PCT application No. WO US94/03103. The moi 
ety can also be a hydrophobic segment to facilitate fusion of 
the complex With a target cell. 

B. Condensed Plasmid 

This section describes the preparation of the condensed 
phase plasmid employed in the plasmid-liposome complex 
of the invention. 

Polycationic condensing agents used to condense the 
plasmid are multiply charged cationic polymers, typically 
biopolymers such as such as spermidine, spermine, 
polylysine, protamine, total histone, speci?c histone frac 
tions such as H1, H2, H3, H4, and other polycationic 
polypeptides, but may also include biocompatible polymers, 
such as polymyxin B. In a preferred embodiment, the 
polycationic condensing agent is a histone, Which, as 
referred to herein, includes total histone or speci?c histone 
fractions. 

Plasmids suitable for use in the complex are preferably 
circulariZed or closed double-stranded molecules having 
siZes preferably in the 5—40 Kbp (kilo basepair) range. The 
plasmids are constructed according to Well-knoWn methods 
and include a therapeutic gene, i.e., the gene to be expressed 
in gene therapy, under the control of suitable promoter and 
terminator control elements, and other elements necessary 
for replication Within the host cell and/or integration into the 
host-cell genome. Methods for preparing plasmids useful for 
gene therapy in genes or other mammals are Widely knoWn 
and referenced. 

The genes to be introduced for gene therapy by the 
complex of the invention generally fall into one of three 
categories: 

In the ?rst are those genes Which are intended to over 
come a gene de?ciency or defect in the subject, i.e., Where 
the subject fails to produce active, endogenous protein at all 
or Within normal levels, and the gene introduced in the 
plasmid is intended to make up this de?ciency. Examples of 
this class of genes include genes encoding adenosine deami 
nase (ADA), for gene expression in stem cells or lympho 
cytes; genes encoding purine nucleoside phosphorylase 
de?ciency, de?ciency in prostaglandin G/H synthase, 
therapy of Lesch-Nyhan syndrome caused by a de?ciency in 
hypoxanthine-guanine phosphoribosyltransferase, genes 
encoding a variety of circulating proteins, such as 
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6 
otl-antitrypsin, clotting factors (e.g., Factor VIII, Factor IX) 
and globins (e.g., [3-globin, hemoglobin), for the treatment 
of hemophilia, sickle-cell anemia and other blood-related 
diseases, and genes encoding hormones and other peptide 
regulators. 

In the second class are polypeptides designed to treat any 
existing pathology, such as cancer, or a pathogenic condition 
such as viral infection. Examples include gene therapy to 
supply the p53 gene for cancer therapy, the gene for the CD4 
peptide to inhibit HIV infection, the gene for the Pseudomo 
nas peptide to inhibit binding of Pseudomonas to epithelial 
cells, and speci?c antibody genes to inhibit a targeted 
pathogen. 

The third class includes genes intended to produce an 
mRNA transcript that can act as an antisense molecule to 
inhibit an undesirable protein expression, such as overex 
pression of proteins speci?c for tumor groWth, or expression 
of viral proteins. 

II. Preparation and CharacteriZation of the Complex 

In accordance With the invention, it has been discovered 
that a plasmid-liposome complex formed by mixing 
condensed-phase plasmid and cationic liposomes, in a loW 
ionic strength medium, produces liposomes characteriZed 
by: substantially homogeneous siZes in the range 120—180 
nm, and a transfection stability of at least 30 days, as 
evidenced by a stable in vivo transfection efficiency of the 
complex after storage for 30 days at 4° C. 
The condensed-phase plasmid is formed by adding to the 

plasmid, in a loW-ionic strength medium, a polycationic 
polymer condensing agent of the type identi?ed above. The 
cationic polymer is added to the plasmid solution to a 
preferred concentration at Which charge stoichiometry is 
achieved, i.e., Where the total number of charges in the 
cationic polymer (as determined from the polymer’s knoWn 
charge density/Weight) is at least as great as the total 
negative charge of the DNA (as determined from the Weight 
amount plasmid and the knoWn charge density of DNA/ 
Weight). Typically, the Weight ratio of added DNA plasmid 
to added polymer is betWeen about 0.1—5 .0, more preferably, 
betWeen 0.3—2.0. The condensing agent is preferably added 
sloWly to the plasmid suspension With stirring, e.g., over a 
10 minute period. 
The condensed plasmid and cationic liposomes, both 

contained in a loW-ionic strength medium, are then mixed, 
e.g., by sloW addition of the condensed plasmid to the 
liposomes. The ratio of liposome lipids to plasmid is an 
important parameter for achieving maximum transfection. 
That ratio, in nmole liposome lipid/pg plasmid, is preferably 
greater than 10 but less than 15, most preferably betWeen 
12—14. 

As indicated above, a critical feature of the invention is 
the mixing of liposomes and condensed phase plasmid in a 
loW ionic-strength medium. Preferably the ?nal concentra 
tion of the medium, including ions present in the DNA, 
condensing agent, and liposome lipid species, is less than the 
ionic strength of a 25 mM monovalent ioniZable salt, such 
as NaCl, and preferably less than 10 mM of such salt, more 
preferably less than about 1 mM. In general, loW ionic 
strength is readily obtained by employing free base or free 
acid plasmid, polycation, and lipid species, (ii) removing 
electrolyte components, or alternatively, employing suf? 
ciently dilute concentrations of the components to maintain 
a loW ionic strength, and/or removing electrolytes generated 
from the components by dialysis or the like. At the same 
time, it is useful to prepare the composition in the presence 
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of a non-electrolyte solute such as glucose to provide an 
osmotic balance as an injectable formulation. 

FIG. 1 is a computer-generated image of a negative-stain 
transmission electron micrograph of a luciferase-encoding 
PNSL plasmid condensed With total histone, as described in 
Example 1. As seen, the plasmid is condensed into discrete, 
single particles of about 100 nm in diameter and less. 

FIG. 2 is a computer-generated image of a negative-stain 
transmission electron micrograph of a polycation-condensed 
plasmid-liposome complex prepared as described in 
Example 1. In comparing the neat, condensed plasmid 
molecules in FIG. 1 With the complex of FIG. 2, the opaque, 
condensed plasmids are readily apparent in FIG. 2. Also 
visible in FIG. 2 is a transparent membrane Which surrounds 
each condensed plasmid. This transparent membrane is the 
liposome lipid bilayer Which coats each condensed plasmid. 

FIGS. 3A—3B are computer-generated images of cryo 
electron and freeZe fracture transmission electron micro 
graphs of the plasmid-liposome complex prepared as 
described in Example 1. The micrograph in FIG. 3A is 
obtained by freezing a thin layer of plasmid-liposome com 
plex suspension and vieWing the layer under a cryoelectro 
microscope. The micrograph shoWs single, discrete plasmid 
liposome complexes, Where the condensed DNA is visible as 
a darker central region in many of the particles. The freeZe 
fracture micrograph of FIG. 3B also shoWs discrete plasmid 
liposome complexes, With no apparent aggregation. 
Dynamic light scattering Was used to determine the aver 

age complex siZe and siZe distribution. The results are 
shoWn in FIG. 4 Which shoWs that the complexes as pre 
pared in Example 1 form a homogeneous population having 
an average siZe of about 146 nm (standard deviation of 45 
nm). 

According to an important feature of the invention, the 
plasmid-liposome complexes are stable, that is, the com 
plexes maintain their initial siZe, e.g., there is little aggre 
gation of the complexes, and retain therapeutic activity, for 
at least 30 days. FIG. 5 provides evidence of complex siZe 
stability and shoWs the complex siZe, as measured by 
dynamic light scattering, as a function of time. Asuspension 
of the plasmid-liposome complexes in Water/glucose Were 
stored at 4° C. and analyZed at one Week intervals. Initially 
after complex formation, the average complex siZe Was 
about 150 nm. After 4 Weeks of storage, the complex siZe 
remained at about 150 nm. Complex stability With respect to 
retention of therapeutic activity is discussed beloW in FIG. 
11. 

III. In vivo Transfection 

Plasmid-liposome complexes prepared in accordance 
With the invention Were administered to mice to determine 
the transfection efficiency of various plasmid-liposome 
complex formulations and to determine stability of 
transfection, biodistribution of the complex, pharmacokinet 
ics and dose response. The in vivo transfection procedure is 
described in Example 2. 

The pharmacokinetics of plasmid-liposome complexes 
Were determined by injecting complexes including an S35 
labelled DNA plasmid into mice. FIG. 6 shoWs the percent 
of injected dose as a function of time after intravenous 
injection. Immediately after injection of the plasmid 
liposome complex dose, about 7% of the injected dose is in 
the blood stream. Other studies indicate that immediately 
after injection, the complexes localiZe in the lung. After a 
period of time the complexes are neutraliZed by serum 
proteins in the lung and enter the blood stream, evidenced by 
the increase in the percentage of injected dose at the 5 hour 
time point (FIG. 6). The complexes are then cleared from the 
bloodstream, With about 12% of the injected dose present at 
24 hours. 
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8 
Plasmid-liposome complexes Were prepared for in vivo 

administration With varying ratios of liposome lipid to 
plasmid. The complexes Were prepared according to the 
general procedure set forth in Example 1 by varying the 
amount of polycation condensing agent, and the total 
amount of liposome lipids. Typically, the amount of poly 
cation condensing agent varied betWeen 100—500 pig and the 
liposome lipid/plasmid ratio varied betWeen 8—18 nmoles 
lipid/pig plasmid. 

FIGS. 7—9 shoWs the results for plasmid-liposome com 
plexes prepared With total histone (FIGS. 7A—7E), histone 
H1 (FIGS. 8A—8E) and histone H4 (FIGS. 9A—9E) as the 
polycationic condensing agents. After administration of the 
complex, prepared from the formulations indicated in the 
Tables beloW, luciferase expression Was measured in the 
lung, liver, heart, spleen and kidney. 

Table 1 summariZes the compositions for the plasmid 
liposome complexes prepared using total histone as the 
polycationic condensing agent. The amount of total histone 
Was varied betWeen 100—500 pg to vary the ratio of plasmid/ 
total histone from 0.2—1.0. The ratio of liposome lipids/ 
plasmid Was also varied and ratios of 8, 14 and 18 nmoles 
liposome lipids/pg plasmid Were tested. 

TABLE 1 

Formulation Number1 

Component 1 2 3 4 5 6 

pNSL plasmid, ,ug 100 100 100 100 100 100 
total histone, ,ug 200 100 200 350 500 200 
,umoles liposome lipids2 0.8 1.4 1.4 1.4 1.4 1.8 
,ug plasmid/[11g total histone 0.5 1.0 0.5 0.3 0.2 0.5 
nmoles lipids/[11g plasmid 8 14 14 14 14 18 

1Formulation number corresponds to FIGS. 7A—7E. 
2Liposome prepared from 1:1 mole ratio of DDAB:cholesterol. 

The results of in vivo administration in mice of the 
formulations summariZed in Table 1 are shoWn in FIGS. 
7A—7E, Where luciferase expression, in relative light units 
(RLU)/10 seconds/mg protein, is shoWn in the lung (FIG. 
7A), liver (FIG. 7B), heart (FIG. 7C), spleen (FIG. 7D) and 
kidney (FIG. 7E). The ?gures indicate that there is a WindoW 
Where the transfection is highest. Speci?cally, for total 
histone as the condensing agent, the transfection is highest 
Where the liposome lipid/plasmid ratio is greater than 8 
nmoles lipid/pg plasmid and less than 18 nmoles lipid/pg. 

Table 2 summariZes the plasmid-liposome complex com 
positions prepared and tested in vivo using histone H1 as the 
polycationic condensing agent. The ratio of plasmid/histone 
Hi ratio Was 0.3 or 0.5 and the liposome lipid/plasmid ratio 
Was varied from 8, 14 and 18 nmoles lipid/pg plasmid. 

TABLE 2 

Formulation Number1 

Component 7 8 9 10 11 

pNSL plasmid, ,ug 100 100 100 100 100 
histone H1, ,ug 350 200 350 200 350 
,umoles liposome lipids2 0.8 1.4 1.4 1.4 1.4 
,ug plasmid/[11g histone H1 0.3 0.5 0.3 0.5 0.3 
nmoles lipids/[11g plasmid 8 14 14 18 18 

1Formulation number corresponds to FIG. 8A-8E. 
2Liposome prepared from 1:1 mole ratio of DDAB:cholesterol. 

The results of in vivo administration in mice of the 
formulations summariZed in Table 2 are shoWn in FIGS. 
8A—8E, Where luciferase expression, in relative light units 
(RLU)/10 seconds/mg protein, is shoWn in the lung (FIG. 



5,851,818 
9 

8A), liver (FIG. 8B), heart (FIG. 8C), spleen (FIG. 8D) and 
kidney (FIG. 8E). The ?gures indicate that the best trans 
fection is achieved at a liposome lipid/plasmid ratios of 14 
and 18. 

Tables 3A and 3B summarize the formulations of 
plasmid-liposome complexes formed using histone H4 as 
the polycationic condensing agent. The plasmid/histone H4 
ratio varied from 0.2, 0.3 or 0.5 and the liposome lipid/ 
plasmid ratio Was varied from 8, 14 or 18 nmoles lipid/pg 
plasmid. 

TABLE 3a 

Formulation Number1 

Component 12 13 14 15 

pNSL plasmid, ,ug 100 100 100 100 
histone H4, ,ug 200 350 500 200 
,umoles liposome lipids2 0.8 0.8 0.8 1.4 
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(FIG. 9A), liver (FIG. 9B), heart (FIG. 9C), spleen (FIG. 
9D) and kidney (FIG. 9E). There is a WindoW Where 
transfection is highest of greater than 8 nmoles liposome 
lipid/pg plasmid and less than 18 nmoles liposome lipid/pg 
plasmid. 

In other experiments performed in support of the present 
invention, plasmid-liposome complexes Were prepared 
using poly-1-glutamine, melittin (a loW molecular Weight 
peptide containing 26 amino acids) or polymyxin B sulfate 
as polycationic condensing agents. Each of these are com 
mercially available from Sigma Chemical Co. The com 
plexes Were injected in mice, as described Example 2, and 
in vivo transfection Was measured by determining luciferase 
expression. 

Table 4 summariZes the plasmid-liposome complex com 
positions prepared using poly-1-glutamine, melittin or poly 
myxin B as polycationic condensing agents. The amount of 
condensing agent Was varied from 50—200 pg. 

TABLE 4 

Formulation Number1 

condensing agent Poly-1-glutamine melittin polymyxin B 

Formulation No. 21 22 23 24 25 26 27 28 29 

pNSL plasmid, ,ug 100 100 100 100 100 100 100 100 100 
,ug condensing 50 100 200 50 100 200 50 100 200 
agent 
,umoles liposome 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
lipids2 
,ug plasmid/Mg 2 1 0.5 2 1 0.5 2 1 0.5 
condensing agent 
nmoles lipids/,ug 14 14 14 14 14 14 14 14 14 
plasmid 

1Formulation number corresponds to data in FIGS. 10A-10E. 
2Liposome prepared from 1:1 mole ratio of DDAB:cholesterol. 

TABLE 3a-continued 

Formulation Number1 

Component 12 13 14 15 

,ug plasmid/,ug histone H4 0.2 0.3 0.2 0.5 
nmoles lipids/,ug plasmid 8 8 8 14 

1Formulation number corresponds to FIG. 9A—9E. 
2Liposome prepared from 1:1 mole ratio of DDAB:cholesterol. 

TABLE 3b 

Formulation Number1 

Component 16 17 18 19 20 

pNSL plasmid, ,ug 100 100 100 100 100 
histone H4, ,ug 350 500 200 350 500 
,umoles liposome lipids2 1.4 1.4 1.8 1.8 1.8 
,ug plasmid/,ug histone H4 0.3 0.2 0.5 0.3 0.2 
nmoles lipids/,ug plasmid 14 14 18 18 18 

1Formulation number corresponds to FIG. 9A—9E. 
2Liposome prepared from 1:1 mole ratio of DDAB:cholesterol. 

The results of in vivo administration in mice of the 
formulations summariZed in Tables 3A and 3B are shoWn in 
FIGS. 9A—9E, Where luciferase expression, in relative light 
units (RLU)/10 seconds/mg protein, is shoWn in the lung 

40 

45 

50 

55 

60 

65 

The results of in vivo administration in mice of the 
plasmid-liposome complexes in Table 4 are shoWn in FIGS. 
10A—10E, Where luciferase expression, in pg luciferase/mg 
protein, is shoWn in the lung (FIG. 10A), liver (FIG. 10B), 
heart (FIG. 10C), spleen (FIG. 10D) and kidney (FIG. 10E). 
The ratio lipid/plasmid ratio for each of the formulations 
Was constant at 14 nmoles lipid/pg plasmid, falling in the 
preferred range of 8—18 nmoles liposome lipid/pg plasmid. 

These studies using a variety of polycationic condensing 
agents, e.g., total histone, histone H1, histone H4, poly-1 
glutamine, melittin and polymyxin B, indicate that the 
highest transfection is achieved Where the liposome lipid/ 
plasmid ratio (in nmoles lipid/pg plasmid) is greater than 10 
and less than about 15. More preferably, the ratio is betWeen 
12—14 nmoles liposome lipid/pg plasmid. 
As discussed above, the plasmid-liposome complex of the 

present invention is stable, as evidenced by little change in 
particle siZe (see FIG. 5), for at least 30 days at 4° C. The 
expression stability of the complex Was determined by 
administering plasmid-liposome complexes Which Were 
stored at 4° C. to mice. Speci?cally, the suspension of 
plasmid-liposome complexes Was administered intrave 
nously to mice immediately after preparation of the complex 
(day 0) and at one Week intervals after storage at 4° C. 
FolloWing the procedure detailed in Example 2, luciferase 
expression in the lung and liver Was determined, and the 
results are shoWn in FIGS. 11A—11B. 
As seen in FIGS. 11A—11B, luciferase expression in the 

lung (FIG. 11A) and the liver (FIG. 11B) are shoWn as a 
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function of time in days. At day 0, the luciferase expression 
in the lung Was about 1.3 ng luciferase/mg protein and 2.5 
pg luciferase/mg protein in the liver. After one Week of 
storage, the transfection activity had decreased to about 0.8 
ng/mg protein in the lung and 1.5 pg/mg protein in the liver. 
With subsequent storage, the transfection activity remained 
constant and at day 28, that is after 4 Weeks of storage at 4° 
C., the plasmid-liposome complex retained more than 50% 
of the expression measured at day 0. 
A dose-response study Was performed using plasmid 

liposome complexes prepared as described in Example 1. 
The plasmid-liposome complex Was administered intrave 
nously in mice at ?ve dosage levels of plasmid: 25, 50, 200 
250 and 200 pg. TWenty-four hours after administration, 
luciferase expression in the lung, heart, liver, kidney and 
spleen Was measured, and the results are shoWn in FIG. 12. 
The luciferase expression measured Was proportional to the 
dose administered, With the highest expression in the lung. 

The systemic luciferase expression 24 hours folloWing 
administration of the plasmid-liposome complex in mice is 
shoWn in FIG. 13. The plasmid-liposome complex distrib 
utes Widely, as evidenced by luciferase expression in the 
bone marroW, lymph nodes and brain. 
From the foregoing, it can be appreciated hoW various 

features and objects of the invention are met. Plasmid 
liposome complexes prepared in accordance With the 
method of the invention for a substantially homogeneous 
population having siZes in the range of 120—180 nm, as 
evidenced by dynamic light scattering. The complexes are 
stable for at least 30 days, With no aggregation of complexes, 
as evidenced by dynamic light scattering. Importantly, the 
transfection activity of the complexes is also stable, Where 
the complexes retain more than 50% of transfection ef? 
ciency after storage for 30 days at 4° C. The plasmid 
liposome complexes achieve a transfection efficiency of 
greater than 25 nm luciferase/mg protein, as evidenced by in 
vivo administration of a complex containing a plasmid 
carrying a luciferase reporter gene and post-administration 
analysis of the liver. 

IV. EXAMPLES 

The folloWing examples illustrate methods of preparing, 
characteriZing, and using the plasmid-liposome particles of 
the present invention. The examples are in no Way intended 
to limit the scope of the invention. 

V. Materials and Methods 

A. Lipids 

Dimethyldioctadecylammonium (DDAB) Was purchased 
from Avanti Polar Lipids, Inc. (Birmingham, Ala.). 
Cholesterol, greater than 99% pure, Was obtained from 
Nu-Chek (Elysian, Minn.). 

B. Polycationic Condensing Agents 

Total histone, consisting of a mixture of histones, includ 
ing H1, H2, H3 and H4, histone H1 and histone H4 Were 
obtained from Boehringer Mannheim (Indianapolis, Ind.). 
Poly-1-glutamine, melittin and polymyxin B sulfate Were 
obtained from Sigma Chemical Co. (St. Louis, Mo.). 

C. Methods: Dynamic Light Scattering 

SiZe distribution measurements Were obtained by 
dynamic light scattering (DLS) using a Coulter N4MD 
instrument, operated according to the manufacturer’s 
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12 
instructions. The results Were expressed as the mean diam 
eter in nm and standard deviation of a Gaussian distribution 
of particles by relative volume. 

EXAMPLE 1 

Preparation of Plasmid-Liposome Complex 

A. Preparation of pNSL Plasmid 

A pNSL plasmid encoding for luciferase Was constructed 
from tWo commercially available plasmids, pGFP-N1 plas 
mid (Clontech, Palo Alto, Calif.) and pGL3-C (Promega 
Corporation, Madison, Wis.). 
The pGL3-C Was cut With XbaI and blunt-end ligated 

using the KlenoW fragment of E. coli DNA polymerase. It 
Was then cut With HindIII and the 1689-bp fragment, car 
rying the luciferase gene, Was gel-puri?ed. The pGFP-N1 
plasmid Was cut With SmaI and HindIII and the 4.7 kb 
fragment, isolated from an agarose gel, Was ligated With the 
luciferase fragment. JM109 E. coli cells Were transformed 
and 20 colonies Were selected; about half of then shoWed the 
presence of inserts; 8 clones With inserts Were cut With 
NamHI and XhoI to further con?rm the presence of the 
luciferase gene; 7 of them Were positive. 

B. Preparation of Cationic Liposomes 

Cationic liposomes Were prepared according to standard 
procedures by dissolving 10 pmol DDAB and 10 pmol 
cholesterol in an organic solvent containing primarily 
CHCl3. The lipids Were dried to a thin ?lm by rotation under 
reduced pressure. The lipid ?lm Was hydrated by addition of 
distilled Water to form a suspension of liposomes at a 
concentration of 20 pmole/ml. The liposomes Were siZed by 
sonication or by sequential extrusion through Nucleopore 
polycarbonate membranes With pore siZes of 0.4 pm, 0.2 pm, 
0.1 pm and 0.05 pm to obtain liposomes of 80—120 nm in 
siZe (Nucleopore, Pleasanton, Calif.). 

C. Preparation of Condensed Plasmid 

The DNA plasmid pNSL encoding for luciferase, pre 
pared as described above, Was condensed according to the 
folloWing procedure. 400 pl of the plasmid (1 mg/ml in 
distilled Water) Was diluted With 310 pl distilled Water and 
then mixed With 90 pl of 50% glucose. 100 pl of a polyca 
tionic condensing agent (total histone, histone H1, histone 
H4, poly-1-glutamine, melittin or polymyxin B) from a 
stock solution of 1 mg/ml in distilled Water Was added to the 
plasmid solution sloWly With stirring. The mixture Was 
stirred for 10 minutes. 

D. Preparation of Complex 

Plasmid-liposome complexes having a liposome lipid/ 
plasmid ratio of 14 nmole lipid/pg plasmid Was prepared by 
diluting 280 pl of the liposome suspending With 350 pl of 
distilled Water and then adding 70 pl of 50% glucose. The 
suspension of condensed plasmids Was sloWly added to the 
diluted cationic liposome suspension With continuous stir 
ring for 10 minutes. 

EXAMPLE 2 

In vivo Transfection Procedure 

In vivo transfection With the plasmid-liposome complexes 
Was conducted With BALB/c mice obtained from Simonsen 
(Gilroy, Calif.). Each plasmid-liposome complex formula 



5,851,818 
13 

tion Was injected via tail vein into 3 mice. The mice Were 
sacri?ced 24 hours after injection and tissues (lung, liver, 
spleen, kidney, heart) Were collected following perfusion 
With hepariniZed PBS (4° C.) under anesthesia. 

At a temperature of betWeen 0°—4° C., 0.75 ml cell lysis 
reagent (Promega, Madison, Wis.) Was added to each tissue, 
and the tissue Was homogenized for 1 minute at 20,000 rpm. 
The supernatant Was removed to a microcentrifuge tube and 
spun at 10,000 g for 5 minutes. The supernatant Was 
collected for luciferase and protein assays. 20 pl of each 
sample Was measured immediately by a luminometer (100 pl 
of luciferin and ATP containing assay buffer, 10 second 
measurement). The relative light unit Was normaliZed by the 
amount of protein in the extracts. 

Although the invention has been described With respect to 
particular embodiments, it Will be apparent to those skilled 
in the art that various changes and modi?cations can be 
made Without departing from the invention. 

It is claimed: 
1. An improvement in a method of preparing plasmid 

liposome complexes by condensing plasmid molecules and 
mixing the condensed plasmids With a suspension of cat 
ionic liposomes to form plasmid-liposome complexes for 
use in transfecting a host cell, said improvement comprising 
the steps of 

selecting as a condensing agent for condensing the plas 
mid molecules, a polycation selected from the group 
consisting of histones, poly-1-glutamine, melittin and 
polymyxin B, 

selecting as a medium for suspending said condensed 
plasmid molecules, a loW-ionic strength aqueous 
medium, and 
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selecting a ratio of liposome lipid to plasmid of greater 

than 10 nmole liposome lipid/pg plasmid and less than 
15 nmole liposome lipid/pg plasmid, 

Where the plasmid-liposome complexes produced by the 
improvement have: 
(i) siZes in the range of 120—180 nm and 

(ii) a transfection stability of at least 30 days, as 
evidenced by a stable in vivo transfection efficiency 
of the complex after storage for 30 days at 4° C. 

2. The method of claim 1, Wherein said condensing agent 
is selected from the group consisting of total histone, histone 
1 and histone 4. 

3. The method of claim 2, Wherein said condensing agent 
is total histone. 

4. The method of claim 1, Wherein said liposome lipid to 
plasmid ratio is betWeen 12—14 nmole liposome lipid/pg 
plasmid. 

5. The method of claim 1, Wherein said loW-ionic strength 
aqueous medium is prepared from a non-ionic osmotic 
solute. 

6. The method of claim 5, Wherein said solute is selected 
from the group consisting of glucose, sucrose and dextran. 

7. The method of claim 1, Wherein the cationic liposomes 
are prepared from cholesterol and DDAB. 

8. The method of claim 1, Wherein said cationic liposomes 
have a surface coating of polyethylene glycol by including 
a vesicle-forming lipid derivatiZed With polyethylene glycol. 

* * * * * 


